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Highlights: 
The paper reports the original non-wet synthesis of a metal-oxide composite from 
metals/alloys as precursors. 
The work reports the original experimental value of the enthalpy of formation of the 
La0.25Ce0.52Nd0.17Pr0.06O2. 
The work reports the structural transformation from cubic to hexagonal of the 
La0.25Ce0.52Nd0.17Pr0.06 alloy induced by milling.  
The work reports the crystallographic refinement of both the cubic and the 
hexagonal structures of the La0.25Ce0.52Nd0.17Pr0.06 alloy. 
 
Abstract 
A versatile platform for the production of metal-oxide composites is reported in this 
work. A  La0.25Ce0.52Nd0.17Pr0.06O2 – 3Ni composite is selected for this study. The 







metals/alloys and thermal treatment in air and H2. The mechanism of synthesis 
includes the structural transformation from cubic to hexagonal of the polymorphs 
present in the starting La0.25Ce0.52Nd0.17Pr0.06 alloy. The transformation is induced 
by milling.   As a part of the analysis, the enthalpy of formation of the 
La0.25Ce0.52Nd0.17Pr0.06O2 compound is reported. The work reports a platform for 
the synthesis of composites. The microstructure of the composites is tunable for 
the use in in different technological applications.    
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1. Introduction  
The synthesis of metal-oxide composites is a subject of current interest in the 
ceramic field because of the technological applications of these compounds.  
These composites are used in both the energy conversion and the catalysis fields 
[1-2]. These applications require CeO2 based-Ni compounds with the potential to 
tune the composition, structure and nanostructure [3-4].  Therefore, both reviews 
and original reports on these composites manufacture methods are currently 
published [5-6].  
The synthesis methods of these composites can be mainly divided in wet and dry 
methods.  The wet methods are mostly associated to the fabrication stages that 








composite including wet-milling. The sol-gel method, autocombustion, hydration 
method and wet impregnation are among the most representative of them [7-10].  
Unlike the wet methods, the dry methods do not involve liquids at any stage of the 
fabrication of the composite. The dry reactive milling is the most representative of 
them, although the references are scarce on the subject. Nevertheless, the 
combination of wet milling along other methods is referenced in Zhang et.al. [12].  
Although both fields of synthesis have their advantages, the actual objective is to 
obtain an appropriate structure for the selected technical application.   This 
statement means that not all reported synthesis methods are convenient for the 
same goal. For example, if a nanostructured composite is the objective, then wet 
methods are probably the most appropriate ones [8-11]. This means that a given 
fabrication method is strongly related to the application. Then, simpler platforms of 
synthesis which product can be modified to offer tunable nanostructures, 
microstructures or compositions should be a further step on the fabrication of CeO2 
based-Ni composites.  
 In this work, an original dry fabrication platform for CeO2 based-Ni composites is 
reported by using an original metal-alloy mixture as precursor. The fabrication 
method avoids the use of liquids and tunes both the nanostructure and 
microstructure of the final composites. The platform offers a set of tunable 
conditions for the synthesis of composites and consists mainly of two steps: milling 
and heat treatment.  After milling, the obtained composite is a nanostructured 








composite is a micro structured pellet. The composite has compounds with 
crystalline surfaces and well-developed boundaries between the constituents and a 
final porous structure with a well interconnected matrix of each component.  Both 
products have the potential needed to be used in energy conversion applications.   
 
2. Material and methods 
2.1 Materials  
Ar (Linde Gas, 99,999%), H2 (Linde Gas, 99,999%) and synthetic air (Linde Gas) 
are used in this work. Ni (Sigma/Aldrich 99.99%, -100 Mesh) and chunks of 
La0.25Ce0.52Nd0.17Pr0.06, Reacton, 99,6%) are used as precursors.  A nominal 
composition of 3Ni-La0.25Ce0.52Nd0.17Pr0.06  (mole/mole) or (0.55)/(0.45) mass 
percent is selected for this work.  A sample mass of 10 g and stainless steel balls 
are set in a stainless steel chamber. A ball mass to sample mass ratio of 28 is 
chosen. The mixture is mechanically milled in a Retsch 100 mill under controlled 
Ar/O2 atmosphere (5/95% v/v).  A milling speed of 200 rpm is selected. The 
samples are withdrawn from chamber at selected times of milling of 30, 60, 90, 
120, 180 and 300 min.  The thermal treatments in air are done in a commercial 
furnace at 1400 °C for 24 h. The thermal treatments under flowing H2/Ar in are 
done in a laboratory oven-coupled to an ad-hoc designed gas supply system at 










The room temperature X-ray diffraction (XRD) measurements are done in a 
PANalytical Empyrean diffractometer operated at 40 kV and 30 mA.  The X-ray 
measurements are refined by the Rietveld method [13]. The microstructure 
parameters, strain and crystallite size, are obtained from the Rietveld 
measurements using a microstructure model [14].  The scanning electron 
microscopy (SEM) measurements are done in a FEI Inspect S50 microscope 
operated at 30 kV – 5kV range.  The energy dispersive spectroscopy (EDS) 
elemental mapping and line-scan measurement are done using a EDAX detector 
coupled to the microscope.   The transmission electron microscopy (TEM) 
measurements are done in a FEI-TECNAI G20  F2 field emission microscope 
operated at 200 kV.  
The differential scanning calorimetry (DSC) runs are done in a TA Instruments 
2910 calorimeter. The measurements are done using an Ar flow of 120 ml/min and 
stagnant air from room temperature to 570 °C range. The selected mass sample is 
20 mg. The sample is enclosed in aluminum hermetic pans.  Non isothermal 
measurements are done at 5 °C/min. The enthalpy measurements are done 
considering the following relationship:  
m.∆Hf = Qe                                                                                                           (1)                    
where m (mol)  is the sample mass, ∆H (kJ/mol)  is the enthalpy of the process 
considered and Qe (kJ) is the experimental heat obtained assuming that the 









3. Discussion and Results 
3.1.  The first step of the platform:  The mechanical milling of the metal/alloy 
constituents  
3.1.1 The aggregation state of the starting metal/alloys 
The search of a homogenous composition during the fabrication of the desired 
alloy /composite makes the mechanical alloying process highly dependent of the 
aggregation state of the starting constituents because the feasibility of the milling 
process depends on the compositional and structural properties of the compounds 
involved in the mixture [16]. Then, the microstructural properties of the starting 
components are studied first.  
The figures 1a and 1b show the diffractograms of the La0.25Ce0.52Nd0.17Pr0.06  alloy 
and Ni, respectively. Both samples are refined using the Rietveld method [13-14].  
Two structures are found in the diffractogram of Figure 1.a. These structures 
crystalize in two different systems:  cubic (F m3 m) and hexagonal (P63/mmc). 
The peaks of Figure 1a are indexed according to these two structures. The 
structures of the La0.25Ce0.52Nd0.17Pr0.06   sample are refined assuming a random 
distribution of the lanthanide elements in the Wyckoff positions of each polymorph. 
It is assumed that each polymorph has the same nominal composition.  The Table 
1 shows the summary of the refinement results.  
The hexagonal polymorph is refined as isomorphic to the DHCP or double 
hexagonal compact phase reported in the literature for pure La, Ce, Nd and Pr 








pure metals in Table 2.  As observed for this alloy in Table 2, the basal parameter 
a is the shortest while the c parameter is the largest. The volume of the alloy is the 
second largest compared to the volumes of the pure metals. This result suggests 
that might be an ordering on the positions of the atoms indicating that positions 2c 
might be preferentially occupied by La atoms. The successive refinements done to 
the sample shows no conclusive result.  
The cubic polymorph is refined as isomorphic to the FCC (face centered cubic) 
phase of the pure metals La,Ce,Nd and Pr [18-21].  The cell parameters of the 
alloy and those of the pure metals are compared in Table 2. The lanthanides 
atomic radii are 2.74 Å (La), 2.70 Å (Ce), 2.64  Å (Nd) and 2.67 Å(Pr) [ 22] 
As observed, the a parameter of the La (F m3 m ) is the largest and that of the Nd 
(F m3 m)  is the smallest [12-14]. It is coincident with the size of the atom radii of 
these metals enumerated previously. Then, the result obtained is reasonable 
because the atomic La content is 0.25% and the  La0.25Ce0.52Nd0.17Pr0.06  alloy has 
the second largest a parameter. The cubic polymorph is refined with a random 
distribution of the lanthanide atoms according to the nominal composition.  
For the La, Ce, Nd and Pr or their binary alloys, the DHCP structure is the one 
stable at room temperature and room pressure [21, 23-26].  The F m3 m phase is 
not stable at room temperature for the pure lanthanides or the respective binary 
alloys [23-26]. To the best of our knowledge, there is no references studying the 
stability of the phases for quaternary alloys such as the La0.25Ce0.52Nd0.17Pr0.06  








is 95% and that of  P63/mmc is 5% as seen on Table 1. If the quaternary alloy 
verifies the tendency of the binary alloys, the F m3 m) phase should not occur at 
room temperature and pressure. Nevertheless, this alloy does not correspond to a 
sample obtained in equilibrium. The La0.25Ce0.52Nd0.17Pr0.06  is a commercial 
sample obtained from electrodes that come from an electro-reduction process [27]. 
These electro-reduction methods are quickly achieved at non-equilibrium 
conditions [27]. Then, the short time and temperatures higher than room 
temperature do not favor the formation of the DHCP phase.  Therefore, the 
presence of the cubic polymorph at room temperature and pressure are due to the 
kinetics of the synthesis process of the La0.25Ce0.52Nd0.17Pr0.06  alloy that inhibits the 
formation of the double hexagonal phase. Neither the cubic nor the hexagonal 
structure informed here for this alloy composition is currently reported in the 
literature to the best of the knowledge of the authors.  
The profile of the diffractogram of Figure 1.a shows structures with a low degree of 
crystallization.  This feature is quantified by calculating the crystallite size (D) and 
strain (s). These parameters are calculated by using the Rietveld method. The 
summary of the microstructural parameters is presented in Table 2 for the selected 
peaks of each phase. The selected peaks are either the most intense or isolated 
without shoulders. As observed, the values of D are lower than 200 Å or 20 nn for 
all selected peaks. It indicates that the polymorphs have low crystalline degree. 
This feature is also due to the fast kinetics of the electro reduction process that 








The Figure 1b shows the diffractogram of the starting Ni. The Ni structure is more 
crystalline than those of the polymorphs of Figure 1a. The summary of the Rietveld 
refinement is summarized in Table 1. The structural parameters are similar to 
those referenced in the literature [28]. The Ni peaks have a good peak-to-
background ratio indicating a crystalline structure. The summary of the 
microstructural properties is shown in Table 3. The D values of Ni are higher than 
the values of the polymorphs of the La0.25Ce0.52Nd0.17Pr0.06 alloy . These 
polymorphs are strained structures as deduced from the strain values of Table 3. 
Unlike these structures, the Ni one has strain values near to zero. As seen later, 
the starting microstructural characteristics of the both La0.25Ce0.52Nd0.17Pr0.06  and 
Ni affects the milling process.  
 
3.1.2. The milling of the system  
 
The Figure 2 shows the diffractograms of the La0.25Ce0.52Nd0.17Pr0.06  - 3Ni mixture 
milled in Ar/O2 atmosphere.  The diffractograms correspond to the samples milled 
for 30, 90, 120, 180 and 300 min. The Figure 3 shows a detail of the diffractograms 
for the same samples in the 25- 35 degrees range. All the diffractograms are 
refined by the Rietveld method. The Figures  4a, 4b and 4c show a detail of the 
mass% of the phases , the crystallite size (D) and strain (s) as a function of the 








At 0 min, the mixture is added to the mill as indicated in the nominal composition. 
No milling is done. Therefore, the starting composition is 45 %Ni and 55% 
La0.25Ce0.52Nd0.17Pr0.06  as shown in Figure 4a . The values of D and s are indicated 
in Table 3 and Figure 4.b and Figure 4c.  
At 30 min, the detected phases are Ni and the polymorphs of the 
La0.25Ce0.52Nd0.17Pr0.06  alloy as shown in the Figure 2a and the diffractogram 3a. 
.Although the alloy has low crystallinity, it is possible to observe both polymorphs 
as shown in the diffractogram of the Figure 3a. The relative height of the peaks of 
the hexagonal phase increases as the peaks of the cubic one decrease with 
respect to the starting alloy. It indicates that the milling process destabilizes the 
cubic phase inducing the transformation to the more stable hexagonal phase. 
These two structures are barely detected in the diffractogram at 30 min due to their 
low crystallinity with values near 40 Å as presented in Table 2 and Figure 4.c.  
Their combined mass sample percent is less than 5% despite the fact that the 
starting nominal mass is 56%. Then, the Rietveld refinements of Figure 4a only 
considers  the crystalline phases with D sizes larger than 40 Å. Unlike the peaks of 
La0.25Ce0.52Nd0.17Pr0.06 ,  the peaks of Ni are clearly observed in Figure 2a due to 
their large D values and low s values as quantified for {111} in Figures 4b and 4c. 
That is why these dominant phases are the only ones that appear in Figure 4 a, 
Figure 4b and Figure 4c. 
At milling times of 60 min, the main crystalline phase is still Ni. The {111}, {200} 








increased in Figure 4a owing to the fact that this phase is the most crystalline of all 
phases detected. The D diminishes and the s rises as milling progresses as shown 
in Figures 4b and 4c, respectively. At this milling time, the XRD technique detects 
the La0.25Ce0.52Nd0.17Pr0.06 O2 phase. The oxide is formed due to the reaction with 
the oxygen of the O2/Ar mixture. As the oxide nucleates, the {111 peak} of  
La0.25Ce0.52Nd0.17Pr0.06 O2 appears as indicated in Figure 3b. The oxide is a more 
strained phase than Ni as observed in Figures 4b and 4c. The 
La0.25Ce0.52Nd0.17Pr0.06 O2 presents a D value smaller than Ni. The oxide presents 
an s value one order of magnitude higher than that of Ni.  The two phases of the 
La0.25Ce0.52Nd0.17Pr0.06  alloy  are still observed as shown in Figure 2b. The  {100} 
and {101} peaks of the hexagonal phase and the {111} peak of the cubic phase 
are still observed at this milling time. But the milling process decreases their 
crystallinity with respect to the milling time of 30 min.   
At 90 min, Ni is the most crystalline phase and Ni has the higher mass % as 
observed in Figure 4a. The peaks are clear and well defined as seen in Figure 2c. 
The microstructural parameters are quantified in Figures 4b and 4c. The milling 
process affects slightly the phase and both D and s reach a plateau.  The milling 
process affects both the hexagonal and cubic phase of the La0.25Ce0.52Nd0.17Pr0.06  
alloy and destabilizes the last one. At this milling time, the La0.25Ce0.52Nd0.17Pr0.06O2 
increases its mass % on the mixture up to 18% as presented in Figure 4a. The 
{111} peak of the oxide evolves along to the {100} and {101} peaks of the 








Figure 4c with small crystallite sizes as seen in Figure 4b. It is because the oxide 
nucleates on the small crystallite sizes of the alloy while being milled. As a result, 
the growth of the crystalline domains is limited by the kinetics of the nucleation-
and-growth of the oxide and the fracture process of the crystalline domains due to 
the milling.   
From 120 min to 300 min, the fracture-cold welding cycle of the milling process 
affects slightly the main crystalline phases:  Ni and  La0.25Ce0.52Nd0.17Pr0.06 O2.  As 
observed in Figures 2 d to 2 f, the Ni peaks do not show strong changes. The Ni 
phase reaches a plateau in mass % value close to 61% of the mixture at 300 min 
as shown in Figure 4a. The microstructural parameters of Ni do not change 
strongly in this period of milling. Both D and s reach a plateau in their respective 
curves as observed in Figures 4b and 4c. The final values of D an s are 480 Å and 
0.18%, respectively. In this milling period, the La0.25Ce0.52Nd0.17Pr0.06 O2 evolves up 
to a mass % of 38 % at 300 min as observed in Figure 4a. The {111} and {200} 
peaks of this phase evolve as the milling process progresses. The change due to 
milling is observed in Figures 2d to 2f and diffractograms d to f of Figure 3.  The 
phase reaches a D value near 145 Å at 300 min as shown in Figure 4b. The phase 
has an s value near 1% at 300 min as shown in Figure 4c. The milling processing 
of the La0.25Ce0.52Nd0.17Pr0.06  - 3Ni in O2/Ar for 300 min leads to the formation  of a 
La0.25Ce0.52Nd0.17Pr0.06 O2 - 3Ni composite. The final oxide has an s value close to  
1% and D values near to 145 Å. Despite the 300 min of milling, the resulting Ni is a 








near to 500 Å.  The key of this treatment is the addition of the O2 to the process. 
The oxygen reacts preferentially with the La0.25Ce0.52Nd0.17Pr0.06 alloy.  The global 
reaction during the milling of the composite occurs according to equation 2: 
 
La0.25Ce0.52Nd0.17Pr0.06  +  O2 = La0.25Ce0.52Nd0.17Pr0.06O2 ; ∆H° = - 890± 1  kJ.mol-1    
(2) 
 
The reaction (2) is highly exothermic. To quantify the enthalpy of formation of the 
oxide, we measure the reaction by differential scanning calorimetry. The 
measurement is shown in Figure 5.  It is done in stagnant air at 5°C.min-1 and the 
deviation to negative values is assigned to exothermic events.  The experimental 
curve is shown in continuous black line and the baseline in dotted black line. As 
temperature rises, the curve deviates from the baseline indicating the starting 
temperature of reaction at 70 ± 1 °C. The reaction progresses slowly up to 200 °C 
forming a shoulder of the main peak. At temperatures higher than 200 °C, the 
reaction accelerates up to the maximum of the curve, the peak, at 302 ± 1 °C.  
After that, the curve returns to the baseline reaching the end of the reaction at 
355 ± 1 °C.  The slight asymmetry of the main peak and the presence of a shoulder 
to the left indicates that the reaction progresses in, at least, two consecutive steps. 
The obtained value of ∆H° is equal to - 890 ± 1 kJ.mol-1. This enthalpy value is an 
original result of this work and it is not reported elsewhere to the best of our 








values of enthalpy of formation of CeO2 and PrO2,  the only two lanthanide 
elements of the alloy that forms an stable dioxide [29-30]. The reported values for 
CeO2 and PrO2 are - 1090.4 ± 1.0 kJ/mol and - 959.8 ± 4.1 kJ/mol, respectively  
[29-30]. Then, the found value for the enthalpy of formation of the 
La0.25Ce0.52Nd0.17Pr0.06O2 is reasonable because the oxide should be less stable 
than CeO2 and PrO2 owing to the fact that the La0.25Ce0.52Nd0.17Pr0.06O2 
incorporates trivalent La +3 and Nd +3 elements to the fluorite-type structure of this 
oxide. 
The milling process shows no formation of NiO and no formation of intermetallics 
between La0.25Ce0.52Nd0.17Pr0.06 and Ni. The formation of the 
La0.25Ce0.52Nd0.17Pr0.06O2 at short milling times avoids the alloying of the starting 
constituents. There is also no elemental substitution in the structures of either Ni or 
the La0.25Ce0.52Nd0.17Pr0.06 or in the oxide. This assessment is verified by 
comparing the cell parameters of Ni and La0.25Ce0.52Nd0.17Pr0.06O2.  The a-cell 
parameter value of Ni changes from 3.5283(6) at 0 min to 3.5217(3) at 300 min. 
while the a value of the oxide changes from 5.5379(0) at 60 min to 5.5237(0) at 
300 min. Both changes in the corresponding a-cell parameters values are 
negligible. Therefore, neither the elemental substitution occurs within either of 
these structures nor the extension of the solubility range of the Ni occurs in either 
the rich or poor side of the binary La0.25Ce0.52Nd0.17Pr0.06 –Ni phase diagram [16]. 
This last assessment is in agreement with the behavior observed in all of the binary 








Although highly statistical, the traditional X-ray diffraction technique has limitations 
to properly detect crystalline domains smaller than 100 Å. Therefore, we use the 
TEM technique to characterize crystalline domains with sizes smaller than this 
value. 
The Figure 6 shows TEM measurements on a La0.25Ce0.52Nd0.17Pr0.06 O2 particle 
identified in the sample milled in O2/Ar for 300 min. The Figure 6a shows a 
selected area diffraction (SAED) ring pattern. The diffracted spots that form rings fit 
to an F m3 m structure. The material is polycrystalline and presents crystalline 
ordering. The calculated parameter is 5.5 ±0.5 Å.  Within the resolution of the 
technique, this value is close to the value shown in Table 4 for this structure. The 
Figures 6b and 6c show the bright field and dark field of the particle which SAED is 
shown in 6a. The bright field micrograph shows particles distributed in 
agglomerates with sizes bigger than 300 nm x 300 nm. The dark field image shows 
a crystallite size distribution between 15 and 20 nm (150 and 200 Å). These D 
values coincide with the statistical ones determined by XRD in Figure 4b.  
The Figure 7 shows TEM measurements on a Ni particle identified in the sample 
milled in O2/Ar for 300 min. The Figure 7a shows a SAED ring pattern. The 
diffracted spots that form rings fit an F m3 m structure. The calculated a 
parameter is 3.5 ± 0.5 Å. This value is close to the one reported in Table 1 for this 
structure. The Figure 7b and 7c show the bright field and dark field images of the 
particle which SAED pattern is shown in Figure 7a. The bright field image shows 








sizes between 5 and 35 nm. The smaller value is below the detection limits of 
XRD. Therefore, the Ni structure presents a large distribution of crystallite sizes as 
shown in Figures 4 b and 7c. Then, both XRD and TEM techniques present 
complementary results on the size distribution of the crystalline domains of the two 
structures. The Ni structure has a larger distribution size than the 
La0.25Ce0.52Nd0.17Pr0.06 O2. 
The milling of La0.25Ce0.52Nd0.17Pr0.06 - 3Ni in air progresses up to the formation of 
La0.25Ce0.52Nd0.17Pr0.06 O2 - 3Ni. 
 This evolution is shown in the SEM measurements of Figure 8.  
This Figure shows the phases distribution after 30 and 300 min of milling, 
respectively.  The Figure 8a shows a micrograph obtained by SEM emissive mode 
of the mixture of the La0.25Ce0.52Nd0.17Pr0.06  and Ni milled 30 min. The image 
shows a distribution of particles of sizes smaller than 10 µm. The inhomogeneity of 
the initial milling stage is verified by observing a particle larger than 10 µm located 
to the right of this image. This type of distribution is typical of this stage [31-32]. 
The Figure 8b shows the EDS mapping done to the image of Figure 8a. The 
assigned colors are red for the lanthanides, blue for oxygen and yellow for Ni.  The 
larger particle individualized in Figure 8a is mostly Ni. The color distribution shows 
a poor homogeneity and the presence of Ni, La0.25Ce0.52Nd0.17Pr0.06   and  
La0.25Ce0.52Nd0.17Pr0.06O2 . The Ni is observed as isolated particles in a continuous 








The milling process affects more the alloy and oxide than the Ni as observed on 
Figures 2 and 3.  The La0.25Ce0.52Nd0.17Pr0.06O2 is not observed by XRD at this 
stage. It is probably because of the size of the crystalline domains that are under 
the detection limit of the technique.  
The Figure 8 c shows a SEM micrograph in emissive mode of the mixture after 300 
min of milling. The Figure 8c shows a more homogeneous surface observed as a 
large plate.  The powder is finer than the powder observed in Figure 8a. This 
morphology is produced by the cold welding process during milling [16,31-32,34].  
The Figure 8 d shows an EDS mapping of the image of Figure 8 c. The color 
distribution is the same of that of Figure 8b. The phase distribution is more 
homogeneous than that of Figure 8b. The EDS mapping shows a well 
interconnected structure between the La0.25Ce0.52Nd0.17Pr0.06O2  (blue/red) and Ni 
(yellow). The difference between Figures 8a-8b and Fgure 8c-8d is the formation of 
La0.25Ce0.52Nd0.17Pr0.06O2 . The mixture obtained at 300 min, do not show mixed 
oxides of the form La0.25Ce0.52Nd0.17Pr0.06O2 –Ni-O as observed in the XRD 
diffractograms of Figures 2 and 3. No intermetallics between Ni and the 
La0.25Ce0.52Nd0.17Pr0.06  are observed and the formation of NiO is not detected as 
analyzed by TEM.  
Since the oxidation of Ni starts at 300 °C, the temperature reaction in the milling jar 
is below this temperature because NiO is not detected [33]. This is also an 









The oxidation of the La0.25Ce0.52Nd0.17Pr0.06 inhibits the preferential lamination of the 
alloy in the chamber and no liquid is needed as a control agent of the process. The 
milling process produces an intimately mixed metal-oxide composite. The mixture 
is a fine powder of two constituents with different microstructural parameters as 
shown in Figures 4b and 4c. The metal is a more relaxed structure than the oxide.   
 
3.2    The second step of the platform: Thermal treatment in air and H2/Ar. 
The La0.25Ce0.52Nd0.17Pr0.06 02-3Ni mixture obtained at 300 min is appropriated for 
use in catalysis and gas capture. The product is a powder that offers an intricate 
distribution of the components with a more crystalline metal than the oxide.   
Nevertheless, a further thermal treatment widens the characteristics of the powder 
and it can be obtained as a mechanically stable pellet extending this platform of 
treatment. This processing is done in this section. 
The Figure 9 a shows the diffractogram of the sample milled 300 min and annealed 
in air for 12 h at 1400 °C. The diffractogram presents diffraction peaks with a large 
peak to background ratio. The identified phases are La0.25Ce0.52Nd0.17Pr0.06O2  and 
NiO . The structural and microstructural properties are characterized by the 
Rietveld method. A summary of results is shown in Tables 4 and 5. As observed in 
Table 5, both La0.25Ce0.52Nd0.17Pr0.06O2  and NiO presents large D values and low s 
values. The crystallite size of La0.25Ce0.52Nd0.17Pr0.06O2   presented in Table 5 is 
larger than the D value of Figure 4 b. The strain value of La0.25Ce0.52Nd0.17Pr0.06O2   
presented in Table 5 is smaller than the s value of Figure 4c. The NiO structure 








La0.25Ce0.52Nd0.17Pr0.06O2 develop well-crystallized structures as a result of the 
treatment in air as deduced from the microstructural values of Table 5. 
 The Figure 9 b shows the sample of Figure 9 a treated in Ar/H2 for 8 h at 800 °C. 
The phases present after the reduction in H2/Ar are La0.25Ce0.52Nd0.17Pr0.06O2 , Ni 
and NiO. The diffractograms are refined by the Rietveld method. The summary of 
results is presented in Tables 4 and 5. The La0.25Ce0.52Nd0.17Pr0.06O2  of Figure 9 b 
is less crystalline than  La0.25Ce0.52Nd0.17Pr0.06O2   of  Figure 9a as observed by 
comparing the values of D and s shown in Table 5.  
The composite after reduction shows well-crystallized metal and less crystalline 
oxides. 
The Figure 10 shows SEM microimages and EDS measurements done to the 
pellet of Figure 9 a. The Figure 10a shows a SEM micrograph obtained in emissive 
mode. The morphology of the particles is smooth with well-defined boundaries and 
triple joins with angles near 120 °. This morphology is coincident with that of 
phases grown in equilibrium. The Figure 10 b shows a SEM micrograph obtained 
in reflective mode of the same zone of Figure 10 a. The bright white zone is 
assigned to the lanthanides of the La0.25Ce0.52Nd0.17Pr0.06O2 phase. The grey zone 
is assigned to the Ni of the NiO structure. The black zone is assigned to pores. The 
image shows the distribution of the two well-developed F m3 m structures. The 
Figure 10 c shows an EDS scan-line. The region of interest is indicated in Figures 
10a and 10b with a white line. The elements distribution coincides with the Ni and 








The figure 11 shows SEM micrographs and EDS mapping of the sample 
corresponding to Figure 9b. The Figure 11a shows a SEM micrograph obtained in 
emissive mode. The sample is the one of Figure 10a treated in H2/Ar. The image 
shows a porous intricate structure with particles with smooth surfaces. The Figure 
11b shows a SEM micrograph obtained in reflective mode of the same zone of 
Figure 11a. The bright white zone is assigned to lanthanides of the 
La0.25Ce0.52Nd0.17Pr0.06O2 phase. The grey zone and the black zone are assigned to 
Ni and pores, respectively. The pellet is more porous than the one observed in 
Figures 10a and Figure 10 b. This porosity is induced by the reduction of NiO to Ni 
by H2/Ar.  The Figure 11c shows an EDS mapping of the same zone of Figures 10 
a and 10 b. The blue color is assigned to Ni. Please, notice the correspondence 
within the blue zones and the gray ones on Figure 10b. The gray and white colors 
are assigned to the lanthanides. Notice the similarity between these zones and 
those of the bright white of Figure 10b. The orange color is assigned to O. These 
zones are superimposed to those of La0.25Ce0.52Nd0.17Pr0.06. The spatial resolution 
of the technique is lower than that of the reflective mode. Nevertheless, it is 
observed that the microstructure is intricate with a connection between the oxide 
and the metal with a strong adhesion between the metal and the oxide.   
The Figure 12 shows the SAED pattern and bright field micrograph of Ni obtained 
from the same sample observed in Figures 9b and 11. The SAED pattern 
corresponds to an F m3 m structure of Ni with a cell parameter of 3.5 ± 0.5 Å. The 








circles. This type of shape indicates that the Ni is highly textured.  The bright field 
image of Figure 12 b shows that the Ni consists on particles of sizes close to 600 x 
600 nm with straight cuts.  The Figure 13 shows the TEM measurements on a 
La0.25Ce0.52Nd0.17Pr0.06O2  particle obtained from the same sample observed in 
Figures 9b and 11. The Figure 13 a shows the SAED pattern consistent with the 
presence of La0.25Ce0.52Nd0.17Pr0.06O2 along [11 0] zone axis. The white arrows 
signal a double spot that indicates crystalline domains miss orientation. The 
Figures 13 b and 13 c show the bright field and dark field of a large particle of 
La0.25Ce0.52Nd0.17Pr0.06O2. The particle is relatively thick as deduced from the 
thickness fringes in each micrograph. The figure 13 b has a dashed-white 
rectangle zoomed out in the inset of this Figure. The inset of Figure 13 b shows the 
moiré fringes on the particle related to the rectangle. The thickness fringes are also 
observed in the dark field image. Notice the correspondence between BF and DF 
in the micrographs of Figures 13 b and 13c. 
 
3.3. A platform for the production of composites 
The methods for the fabrication of composites based on CeO2-Ni are numerous 
and different [7-10].  The most common of them is the wet synthesis followed by 
thermal treatments [7-10]. The main advantage of these methods is the control of 
the nanostructure and microstructure with a limited potential of obtain an intricate 
structure because of the limitations imposed by the starting size of the powders.  







practical fabrication way. Although using a wet agent, the mechanical milling of 
CeO2-Ni mixtures is reported [12]. But the control of the final product is limited. In 
this work, the control of the final powder is done by changing the identity of one of 
the constituents. The La0.25Ce0.52Nd0.17Pr0.06-3Ni mixture is transformed to 
La0.25Ce0.52Nd0.17Pr0.06O2-3Ni mixture by milling in a controlled O2/Ar gas 
atmosphere. Since no liquids are added to the process, no extra issues derived 
from this addition needs to be solved.  
As milling progresses, the La0.25Ce0.52Nd0.17Pr0.06-3Ni mixture is transformed to a 
La0.25Ce0.52Nd0.17Pr0.06O2-3Ni mixture. This composite has an intricate structure 
where the oxides and Ni results in an interconnected structure.  The final powder 
microstructure contains a relatively relaxed metal with a more strained oxide.  
The powder can be transformed to a pellet if the composite is thermally treated. 
The first treatment in air leads to a well- relaxed La0.25Ce0.52Nd0.17Pr0.06O2 -3 NiO 
mixture. The second treatment in H2/Ar forms a final intricate 
La0.25Ce0.52Nd0.17Pr0.06O2 -3 Ni composite as a porous pellet with a well related 
metal and a continuous oxide matrix.   
 
4. Conclusions 
A platform for the synthesis of metal-oxide composites is obtained in this work.  
The success of the process is the use of an original metal/alloy starting mixture 
that promotes the inclusion of the metal in the alloy. The milling in O2/Ar assures 








obtained. Then, two type of metal-oxide composites are obtained from the 
mechanical milling and thermal annealing process. The first is a porous powder 
with an intricate metal-oxide mixture. The second is an intricate pellet with an 
intimate metal-oxide mixture. Both products have the properties needed for use in 
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Captions of  Figures 
Figure 1. Diffractograms of the starting components. a) The  La0.25Ce0.52Nd0.17Pr0.06 
alloy . The letters y and z stand for the cubic (F m3 m ) and hexagonal  (P6/3mmc) 
structures, respectively.  b) Ni.  The letter x stands for the Ni (F m3 m) structure.  
 
Figure 2. Diffractograms  of the La0.25Ce0.52Nd0.17Pr0.06 – 3Ni mixture obtained at 
different milling times. a) 30 min. b) 60 min. c) 90 min. d) 120 min. e) 180 min. f) 
300 min. The letters y, z stand for the F m3 m  and P63/mmc polymorphs of the 
La0.25Ce0.52Nd0.17Pr0.06 alloy.  The letter x stands for the Ni structure. The letter u 
stands for the La0.25Ce0.52Nd0.17Pr0.06 O2 (F m3 m ) structure. A detail of the 2θ 
range from 25 to 35 is shown in Figure 3. 
 
Figure 3. Detail of the diffractograms  of the La0.25Ce0.52Nd0.17Pr0.06 – 3Ni mixture 
obtained at different milling times. a) 30 min. b) 60 min. c) 90 min. d) 120 min. e) 
180 min. f) 300 min. The letters y, z stand for the F m3 m and P63/mmc  
polymorphs of the La0.25Ce0.52Nd0.17Pr0.06 alloy.  The letter x stands for the Ni 
structure. The letter u stands for the La0.25Ce0.52Nd0.17Pr0.06 O2 (F m3 m ) 
structure.  
 
Figure 4. The evolution of the different parameters quantifying the milling process 
as a function of time. a) Mass percent of the crystalline phases. b) Crystallite size 








Figure 5. The thermal evolution of the La0.25Ce0.52Nd0.17Pr0.06 alloy in air. The heat 
of formation is obtained by using eq. (1). The stoichiometry of the reaction is 
defined by eq. (2).  
 
Figure 6. TEM techniques applied to a characteristic particle of 
La0.25Ce0.52Nd0.17Pr0.06O2 in the sample milled 300 min in O2/Ar. a) SAED ring 
pattern. b) Bright field (BF) image. c) Dark field (DF) image.  
 
Figure 7.   TEM techniques applied to a characteristic particle of Ni in the sample 
milled 300 min in O2/Ar. a) SAED ring pattern. b) Bright field (BF) image. c) Dark 
field (DF) image. 
 
Figure 8. SEM measurements on samples milled 30 min and 300 min. a) SEM 
micrograph obtained in emissive mode of the sample milled 30 min. b) EDS 
mapping of the sample of micrograph 8a.  c) SEM micrograph obtained in emissive 
mode of the sample 300 min. d) EDS mapping of the sample of micrograph 8c. 
Color assignment is blue for O, red for the lanthanides and yellow for Ni in both 
Figures 8b and 8d. 
 
Figure 9.  Diffractograms of the samples milled 300 min and thermally treated. a) In 
air for 12 h at 1400 °C. b) In H2/Ar for 8 h at 800 °C. The letters x, w, u stand for Ni, 









Figure 10. SEM measurements done to the sample treated at 1400 °C in air . a) 
SEM micrograph obtained in emissive mode. b) SEM micrograph obtained in 
reflective mode. c) Line-scan of the sample. The line-scan is done to the zone 
indicated with a white line in micrographs of Figure 10a and Figure 10b. 
 
Figure 11. SEM measurements done to the sample treated in H2/Ar. a) SEM 
micrograph obtained in emissive mode. b) SEM micrograph obtained in reflective 
mode. c) EDS mapping.  The blue color is assigned to Ni, the white – gray color to 
the lanthanides  and the orange color to oxygen. 
 
 
Figure 12.  a) TEM selected area diffraction (SAED) ring pattern of Ni after heat 
treatments. b) TEM bright field image of the particle which SAED pattern is 
presented in Fig. 12.a.   
 
Figure 13. a) TEM selected area diffraction (SAED) pattern of a 
La0.25Ce0.52Nd0.17Pr0.06 O2 particle. The zone axis is [11 0]. The white arrows 
indicate a domain miss orientation. b) TEM bright field image. The white-dash 
rectangle shows moiré fringes on the particle. c) TEM dark field image. Notice the 









Tables and captions of tables 
Table 1.  Structural properties of the La0.25Ce0.52Nd0.17Pr0.06   polymorphs and Ni 
obtained from the Rietveld  refinement.  The lanthanide atoms are randomly 
distributed in the F m3 m  and the P63/mmc structure of the La0.25Ce0.52Nd0.17Pr0.06 
according to the nominal composition. SG and FU stand for space group and 
formula unit, respectively. M is the multiplicity of the Wyckoff (Wy) position. GOF 
stands for the goodness of the fit.  
Figure 
Structure 
SG / FU 
Cell parameters 
(Å), (°) 



















c   12,9838(4) 
α, β, γ 90,90,120 
La0.25Ce0.52Nd0.17Pr0.06 
F m3 m  
4 
a , b, c 5.21652(5) 
4a 0,0,0 95 
α, β, γ 90,90,90 
1.b 
Ni 
F m3 m  
4 
a , b,c 3.52833(6) 
4a 0,0,0 100 1.50 
α, β, γ 90,90,90 
 
Table 2.  
A comparison of the cell parameters of the polymorphs of La0.25Ce0.52Nd0.17Pr0.06 










Cell parameters Ref 
a, b (Å) c (Å) V (Å3) 
La0.25Ce0.52Nd0.17Pr0.06 
P63/mmc 
3.59(6) 12,98(3) 144.8(7) This work 
La 3.770 12.159 149.62 17 
Ce 3.65 11.91 137.484 17 
Nd 3.6579 11.7992 136.725 18 
Pr 3.6725 11.8354 138.241 18 
La0.25Ce0.52Nd0.17Pr0.06 
F m3 m 
5.216(2) 141.9(0) This work 
La 5.32 150.59 19 
Ce 5.1612 137.484 18 
Nd 4.917 118.878 20 
Pr 5.161 137.468 17 
 
Table 3. The microstructural parameters for the selected peaks of the structures of 





D  ± 10 
(Å) 





{100} 28.50 40 3 
2 
{101} 29.33 40 3 
La0.25Ce0.52Nd0.17Pr0.06 
F m3 m  
{111} 29.50 40 3.60 









F m3 m  
{111} 44.52 1300 0.15 
1.50 
{200} 51.86 880 0.10 
 
Table 4. The structural parameters obtained by Rietveld refinement of the 
structures of diffractograms of Figure 9. The lanthanides are randomly distributed 
within the  La0.25Ce0.52Nd0.17Pr0.06O2 structure. The occupancy factor of the lanthanides is 
distributed according to the nominal composition.  
Figure 
Structure 
SG / FU 
Cell parameters 
(Å), (°) 
Element /Multiplicity /Wyckoff 









F m3 m  
4 
a , b,c  
5.5300
(5) 
La,Ce,Nd,Pr/ 4a (0,0,0) 
30 
1.90 
α, β, γ 90 O 8c (1/4,1/4,1/4) 
NiO 
F m3 m  
4 
a , b, c 
5.2165
2(5) 
Ni 4b 0,0,0 
70 
α, β, γ 90 O 4a (1/2,1/2, 1/2) 
9.b 
La0.25Ce0.52Nd0.17Pr0.06O2 





La,Ce,Nd,Pr 4a (0,0,0) 
30 
1.65 
α, β, γ 90 O 8c (1/4,1/4,1/4) 
NiO 





Ni 4b 0,0,0 
12 
α, β, γ 90 O 4a (1/2,1/2, 1/2) 
Ni  a,b,c 
3.5221
(7) 








F m3 m  
4 
α, β, γ 90 
 
Table 5. The microstructural parameters for the selected peaks of the structures of 






D  ± 10 
(Å) 





F m3 m  
{111} 27.89 >2000 0.05 
1.90 
{200} 32.33 >2000 0.05 
NiO 
F m3 m  
{111} 37.14 >2000 <0.01 
{200} 43.17 >2000 <0.01 
9b 
La0.25Ce0.52Nd0.17Pr0.06O2 
F m3 m  
{111} 27.77 190 0.85 
1.65 
{200} 32.20 175 0.79 
NiO 
F m3 m  
{111} 37.09 345 0.65 
{200} 43.12 245 0.42 
Ni 
F m3 m  
{111} 44.33 >2000 <0.01 
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